fracture load and fracture mode of Ce-TZP/A and Y-TZP ceramic crown frameworks in order to assess the feasibility of thin Ce-TZP/A ceramic crown frameworks.
MATERIALS AND METHODS

Preparation
Artificial maxillary second premolars made of epoxy resin (Simple Root Tooth Model, Nissin Dental Products Inc., Kyoto, Japan) were prepared for metal-ceramic crown and all-ceramic crown restorations to serve as artificial tooth abutments. The metal-ceramic crown preparation was performed as follows: 2.0-mm occlusal reduction of the functional cusp; 1.5-mm occlusal reduction of the non-functional cusp; a 1.0-mm buccal shoulder finish line with rounded axiogingival internal angle and palatal light chamfer. The axial convergence angle was approximately 6° and the palatal surface of the functional cusp was reduced in two planes. The allceramic crown preparation was performed in the same manner as explained above but with a 1.0-mm shoulder finish line with rounded axiogingival internal angle ( Fig. 1 ).
Duplication of tooth analogs
A cobalt-chrome alloy was used to make tooth analogs in this study. For the cobalt-chrome tooth analogs, impressions of the artificial tooth abutments were taken using hydrophilic vinyl polysiloxane impression material (Exafine, GC Corp., Tokyo, Japan). The impressions were used as moulds that were filled with an inlay wax (Inlay wax medium, GC Corp). Wax patterns were fabricated with the wax and were invested in a phosphate-bonded investment material (Snow White, Shofu Inc., Kyoto, Japan) and then cast with cobalt-chrome alloy (Cobaltan, Shofu Inc.). The Co-Cr tooth analogs were inspected for surface irregularities and adjusted. Then, the Co-Cr tooth analogs for metal-ceramic crown preparation and all-ceramic crown preparation were duplicated from the artificial tooth analog.
Fabrication of zirconia-ceramic crown frameworks
Impressions of the Co-Cr tooth analogs were taken using hydrophilic vinyl polysiloxane impression material (Exafine, GC Corp.). Dies were fabricated from those impressions using dental stone (New Fujirock, GC Corp.). Then three kinds of zirconia-ceramic crown frameworks were fabricated as follows (Figs. 2 and 3); (a) Standard zirconia-ceramic crown framework of Y-TZP (Y-TZPs): overall wall thickness of 0.5 mm for allceramic crown preparation using Y-TZP.
(b) Modified zirconia-ceramic crown framework of Y-TZP (Y-TZPm): a 0.3-mm-thick framework increased in thickness by adding a 1.0-mm-thick palatal margin with a height of 2.0 mm, which was extended proximally for metal-ceramic crown preparation using Y-TZP.
(c) Modified zirconia-ceramic crown framework of Ce-TZP/A (Ce-TZP/Am): a 0.3-mm-thick framework increased in thickness by adding a 1.0-mm-thick palatal margin with a height of 2.0 mm, which was extended proximally for metal-ceramic crown preparation using Ce-TZP/A.
Ten zirconia-ceramic crown frameworks were fabricated for each model. A CAD/CAM technology (Cercon Smart Ceramics, DeguDent, Hanau, Germany) was used to fabricate the Y-TZPs and Y-TZPm as the material of Y-TZP. The dies were scanned (Cercon eye, DeguDent), and frameworks were designed (Cercon art, DeguDent), milled (Cercon brain, DeguDent), and sintered (Cercon heat, DeguDent) according to the manufacturer's recommendation. Another CAD/CAM technology (C-Pro System, Panasonic Healthcare, Ehime, Japan) was used to fabricate the Ce-TZP/Am as the material of Ce-TZP/A. The die was scanned, and the frameworks were designed and milled. All frameworks were checked and adjusted to ensure an acceptable internal fit with an occlusal contact checking material (Bite-checker, GC Corp.). There was no difference in fit within each group.
Cementation
After the Co-Cr tooth analogs were trimmed to finish 1.0 mm coronal to the margin line, 10 frameworks of each were cemented to the Co-Cr tooth analog using zinc polycarboxylate cement (HY-bond carbo cement, Shofu Inc.). According to the manufacturer's recommendation, firm hand pressure was applied for 7 min.
Measurement of fracture load
All specimens were loaded using universal testing machine (Autograph AGS-H, Shimadzu Corporation, Kyoto, Japan) until fracture. The load was applied on the central fossa of the frameworks along the long axis of the jig using a stainless steel rod with a 4-mm-diameter ball end at a cross-head speed of 1.0 mm/min (Fig. 4) . The maximum load causing fracture was recorded for each specimen. The maximum load causing fracture was defined as fracture load.
Fracture modes
After the loading test, the fracture modes of all specimens were observed by stereoscopic microscope (binocular telescopic microscope S300 II, Inoue attachment, Tokyo, Japan) and classified into two groups: Type A, fracture of the zirconia-ceramic crown framework limited to the occlusal surface; and Type B, fracture of the zirconiaceramic crown framework extending from the occlusal to axial surface or marginal line.
Statistical analysis
The results of the fracture load of the frameworks were statistically analyzed with one-way analysis of variance (ANOVA), at a significance level of 0.05. After ANOVA, multiple comparison was performed with the Tukey HSD test at a significant difference probability level of 0.05. The results of the fracture modes were statistically analyzed with Fisher's exact test with Bonferroni correction at a significance level of 0.017.
RESULTS
Fracture load
The means, standard deviations, minimum and maximum fracture loads of all groups using Co-Cr tooth analogs are listed in Table 1 . The fracture loads of Y-TZPs, Y-TZPm and Ce-TZP/Am were 180.0±28.1 N, 133.7±34.8 N, and 183.7±29.0 N, respectively. The fracture load of Y-TZPs was significantly higher than that of Y-TZPm (p=0.006), and that of Ce-TZP/Am was significantly higher than that of Y-TZPm (p=0.003). On the other hand, there were no significant differences between Y-TZPs and Ce-TZP/Am (p=0.961).
Fracture mode
The fracture modes for all groups using Co-Cr tooth analogs are listed in Table 2 . There was a significant difference between Y-TZPm and Ce-TZP/Am (p=0.0007).
The representative fracture modes of all groups are shown in Fig. 5 .
DISCUSSION
Fracture load of Ce-TZP/A
In this study, the feasibility of zirconia-ceramic crown restoration with less tooth reduction was examined.
A minimum thickness of 0.5 mm is recommended for Y-TZP ceramic crown frameworks in the posterior region. A standard metal framework thickness of porcelain fused to metal is 0.3 mm. Although Ce-TZP/A have superior mechanical properties compared to Y-TZP, the effect of thickness of the Ce-TZP/A crown frameworks has not been known in detail. The 0.3-mm thickness of zirconia-ceramic crown framework used in this study was to assess the feasibility of Ce-TZP/A. The 0.3-mm thickness of the zirconia-ceramic crown framework used in this study was based on the standard metal framework thickness of porcelain fused to metal [24] [25] [26] . Framework design modifications of porcelain fused to metal crowns have been suggested previously in an attempt to improve strength by providing support to veneering porcelain and also to improve esthetics without compromising strength. A recent study showed that framework design modifications on the lingual and proximal sides as lingual supporting structures increased the strength and support of veneering porcelain [27] [28] [29] . The zirconia-ceramic crown frameworks with lingual supporting structures are becoming more popular in clinical use 30) . Thus, the modified zirconia-ceramic crown framework design was selected for this study.
The specimens with Co-Cr tooth analogs used in this study were trimmed to a level 1.0 mm coronal to the margin line. This is because during the fracture tests with Co-Cr tooth analogs, the zirconia-ceramic crown frameworks are supposed to be subjected to the most severe loading condition in material research.
The fracture load of Ce-TZP/Am with Co-Cr tooth analog was comparable to that of Y-TZPs (Table 1) , meaning that Ce-TZP/A ceramic crown frameworks provide comparable strength to conventionally used Y-TZP ceramic crown frameworks under severe loading conditions in material research. This can be attributed to the high fracture toughness of Ce-TZP/A. Ce-TZP/A ceramic crown frameworks had a 0.3-mm thickness with lingual supporting structures providing sufficient strength for clinical use similar to conventional Y-TZP ceramic crown frameworks which had an overall 0.5-mm wall thickness.
In principle, tooth preparation for zirconiaceramic crown restorations with conventional Y-TZP frameworks requires a shoulder finish line with rounded internal angles, as well as a considerable amount of tooth reduction compared to porcelain fused to metal. Because of the amount of tooth reduction, there are some difficulties in using zirconia-ceramic crown restorations in cases of vital teeth. However, a light chamfer can be prepared from the proximal to palatal side and the amount of occlusal reduction can be reduced when using Ce-TZP/A ceramic crown frameworks 15) . This would allow less reduction for tooth preparation and help to preserve the tooth structure without damaging the remaining pulp in vital teeth, which is preferable in terms of the minimal intervention concept. These results would expand the clinical application of zirconiaceramic crown restorations, especially in young patients who have relatively large pulp cavities.
Fracture pattern of Ce-TZP/A
In this study, the strength of the marginal area of zirconia-ceramic crown frameworks was evaluated. Stress concentration was reported around the marginal area of the crown during loading as shown by finite element analysis and fractographic analysis [20] [21] [22] [23] . Thus, there was concern that the zirconia-ceramic crown framework with reduced thickness might not have sufficient strength in the marginal area. This study revealed that there was a significant difference between the fracture pattern of Y-TZPm and that of Ce-TZP/Am. Fractures extending from the occlusal surface to the marginal line of the Y-TZP ceramic crown frameworks were observed in 80% (8/10) of Y-TZPm and 30% (3/10) of Y-TZPs. Y-TZPm fractures were larger than Y-TZPs fractures. However, Ce-TZP/Am fractures were limited to the occlusal surface where the load was applied and the fractures were smaller than those in Y-TZPm and Y-TZPs.
Zirconia has a property of tetragonal to monoclinic phase transformation called stress-induced phase transformation. The transformation that occurs when external stresses are applied to zirconia is accompanied by a volume expansion of 4%. The volume change induces compressive stresses and microcracks around the transformed particles, which effectively oppose the opening of cracks and increase the resistance to crack propagation 10) . Ce-TZP/A are more susceptible to stressinduced phase transformation than Y-TZP. Cracks in Ce-TZP/A propagate less than Y-TZP into the bulk material due to the high fracture toughness 11, 12) . As a result, Ce-TZP/Am fractures were small compared to Y-TZP fractures and no fractures extending into the axial wall and marginal line were observed. Hoop stress 20, 23) around the marginal area under the conditions of this study may increase compared to the conditions of solid tooth analogs or natural abutment teeth. Because the fracture pattern of Y-TZPm was significantly different from that of Ce-TZP/Am, a 0.3-mmthick Ce-TZP/A ceramic crown framework can be used. A 0.3-mm-thick zirconia-ceramic crown framework with Ce-TZP/A can sufficiently withstand the marginal stress.
Experimental condition
In this study, we evaluated the strength of zirconiaceramic crown frameworks without a porcelain veneer. Because veneering porcelain was not applied to the zirconia-ceramic crown frameworks, the effect of related cofactors such as fracture or delamination of porcelain could be ruled out. Furthermore, the zirconiaceramic crown frameworks were not veneered because the strength of the crown is mainly determined by the strength of the frameworks 31, 32) .
However in clinical practice, most commonly reported clinical complication is chipping or cracking of the porcelain veneer 33) . Loading all-ceramic crowns to fracture results in fracture of the veneering ceramics first and then fracture of the framework ceramics 34) . Further studies will be required to evaluate the strength of the framework with porcelain veneer. However, it is possible that the strength of the frameworks might be reduced by heat treatment or airborne particle abrasion before veneering porcelain and this would affect the results 35, 36) .
Y-TZP have a few problems, such as low temperature aging degradation (LTAD) caused by phase transformation from the tetragonal to the monoclinic structure 10, 13) . On the other hand, Ce-TZP/A show complete resistance to LTAD 11, 12, 14) . Therefore, Ce-TZP/A ceramic crown frameworks can be exposed to the oral environment with a lingual supporting structure as in this study. Contact damage is not normally observed with regular mastication except for parafunction such as bruxism because high loading seldom occurs [37] [38] [39] . Clinical failure of ceramic materials occurs due to cumulative damage and slow crack growth 40) . However, the samples in this study were subjected to a uniaxial single loading test under dry conditions without taking into account the complex situation in the oral environment. Further studies will be needed to evaluate the material after cyclic loading and a thermal cycle simulating mastication. Fracture force of zirconia-ceramic crowns didn't depend on the type of cementation 41) . The type of cementation with different elastic modulus had a minor effect on stress in the cement, porcelain, and framework using finite element analysis 42) . The zinc polycarboxylate cement was used because there thought to be little effect of cementation on fracture load and the usability of the cement was preferable for this study. Considering the hoop stress, the use of solid tooth analogs, natural abutment teeth and adhesive resin cement may be preferable. However, this study aimed to evaluate the fracture load and fracture modes of Ce-TZP/A ceramic crown frameworks with minimum possible thickness compared to Y-TZP. From this aspect, the design of this study was considered to be appropriate.
CONCLUSIONS
Within the limitations of this in vitro study, the following conclusions were drawn: 1) Ce-TZP/Am provide sufficient strength for clinical application. 2) Ce-TZP/A can be used with the thickness of 0.3 mm as zirconia-ceramic crown frameworks. And adding lingual supporting structure would be preferable in this case.
3) The amount of tooth preparation can be reduced using a Ce-TZP/A ceramic crown framework because the Ce-TZP/A ceramic crown framework can be thinner than a conventional Y-TZP ceramic crown framework.
